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A B S T R A C T
Catalytic transformation of lignin is a sustainable way to provide aromatics, which depends on the structure and
property of catalytic sites. A bifunctional sulfated ZrO2 supported CoMo sulfide catalyst has been synthesized by
in situ exsolution approach. The exsolved CoMo-sZr(exs) catalyst significantly enhanced the initial C–O bond
cleavage rate (0.058 mol·g−1·h−1) compared to the impregnated and physically mixed sulfated ZrO2 supported
CoMo sulfide catalysts. Notably, the reusability tests also showed that the as-prepared catalyst presented total
ethers conversion of 94% with aromatics yield of 86% after four consecutive cycles. This was related to the
appropriate sulfide-support interaction, acid sites and highly-dispersed CoMo sulfide, in conformity with the
catalyst characterization. Thereby it could facilitate reactant adsorption and effectively break down the C–O
bonds in lignin derived fragments to form aromatics. This work points out a new avenue for the design of
effective bifunctional catalysts for lignin depolymerization.
1. Introduction
Lignin is a natural aromatic biopolymer that accounts for nearly
30% of the organic carbon on the Earth and is one of the few renewable
sources of aromatic chemicals. Efficient cleavage of aromatic ether
bonds in the lignin is the most important starting point for many lignin
valorization strategies, because it could generate valuable aromatic
chemicals and provide a source of low-molecular-mass feedstocks sui-
table for downstream processing. However, selective cleavage of these
aromatic ether bonds is difficult due to their high strength and stability.
The cleavage of the representative β-O-4, α-O-4 and 4-O-5 linkages in
lignin, as well as the β-5 linkage commonly found in the furan group,
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would thus be expected to determine the primary products when large
clusters of lignin are depolymerized. The β-O-4 alkyl-aryl ether linkage
(45–50%) between aromatic rings [1], is frequently selected as the
starting material to investigate the mechanism for cleavage of the main
ether linkages in lignin.
Compared to homogeneous catalysts [2], heterogeneous catalysts
are widely used due to their longer durability, recyclability and se-
parability of reaction products, and can be tailor-made and im-
plemented in desired shape [3]. Successful cleavage of aryl ether bonds
is mostly achieved so far by hydrolysis with acid and base catalysts. In
recent years, bifunctional metal-acid catalysts have been employed,
showing high efficiency in the hydrocarbon fuel production from lignin
conversion [4,5]. Increasing the acidity or basicity of the catalyst pro-
motes the conversion of lignin-derived phenols (Table S1). Solid base
catalyst has been used for efficient transformation of lignocellulose
while increasing the yields of oxygenates [6]. However, the capacity for
oxygen removal was limited [7]. Acid promoted C-O hydrogenolysis in
conversion of raw lignocellulose into liquid alkanes is realized by em-
ploying a multi-functional Pd/sulfated zirconium [8] and Pt/NbOPO4
[9] catalysts. The promotion effect of Pt/NbOPO4 should be accom-
panied by strengthening acidity through interface interactions to
achieve efficient C-O cleavage in the hydrodeoxygenation of birch
wood. Furthermore, an increase in the acidity of Ni-based alumina-si-
lica catalysts significantly promoted the HDO reaction during lignin
upgrading [10]. However, the strategies explored to date using metal-
acid multi-functional catalysts are mostly associated with excessive
hydrogenation and the achievable aromatics yields were limited [11].
As a contrast, sulfided CoMo- and NiMo-based catalysts are cost-
effective for C-O bond cleavage in lignin HDO conversion [12–14] and
give relatively high aromatics selectivity under the same reaction
conditions compared with metal-acid catalysts. The high HDO perfor-
mance was attributed to the construction of CoMoS or NiMoS phase
[15], where oxygenates molecule can easily be transformed to remove
oxygen atom. Although over-hydrogenation of aromatic rings was re-
tard, the capacity to break down the C-O bonds was limited. The acid-
promoted HDO process provides a promising strategy to design a highly
effective catalyst for selective hydrogenolysis of the C-O bonds. How-
ever, the property of acid support for NiMo sulfide was reported to
largely influence the orientation of the active phase and/or the sul-
furized process [16]. Zirconia promotes the sulfidation of Mo species to
generate promoted “NiMoS” phase, which exhibits better catalytic ac-
tivities than in alumina-based catalysts [17]. Similarly, the property of
the support may be expected to determine the extent of C-O cleavage
and the distribution of products [18]. The most often observed active
phases in the MoS2/ZrO2 sample were the Mo species in the form of
large aggregates. The sintering of MoS2 upon calcination and sulfida-
tion treatment is well-expected considering the weak interaction be-
tween the Mo species and ZrO2 [19]. The metal-support interaction
affects the structure and the distribution of active phase that decide
greatly the catalytic activity [20].
Recently, supported metal catalysts prepared from exsolution of
crystalline oxide precursors, such as hydrotalcite compounds [21],
perovskite [22], and spinel [23], show enhanced metal dispersion and
metal-support interaction. This exsolution from a composite oxide was
reported to be promising to tune the active phase-support interaction
strength and get better-distributed nanocatalysts. Sun et al. synthesized
a sulfide nanodots implanted semiconductor parent matrix with high
population, uniform dispersion, and strengthened metal-support inter-
action, thus, these features enhanced catalytic performance of WS2-
anchored-SrTiO3 in photocatalytic reaction [24].
Bringing this insight to multi-functional metal sulfide-solid acid
catalysts, we successfully synthesized an exsolved metal sulfide from a
composite oxide, that is, sulfated ZrO2-supported CoMo sulfide. The as-
prepared catalyst, as well as those prepared by impregnation and
physical mixing, was explored for the HDO of diversely substituted
lignin-derived mono- and dimeric aromatic ethers. Due to the
combination of highly dispersed CoMo sulfide and acid properties of
sulfated ZrO2, this catalyst could selectively and efficiently cleave C-O
bonds in aromatic ethers such as benzyl phenyl ether (α-O-4 linkage), 2-
phenylethyl phenyl ether (β-O-4 linkage), diphenyl ether (4-O-5
linkage) and benzofuran (β-5 linkage) to form aromatics. Furthermore,
the key individual steps involving intermediates conversion in the
overall aromatic ethers HDO process are explored and compared in
detail.
2. Experimental
2.1. Reagents
All reagent-grade chemicals were employed without further purifica-
tion. ZrOCl2·8H2O, Zr(NO3)4·5H2O, Co(NO3)2·6H2O, (NH4)6Mo7O24·4H2O,
phenolic compounds, such as Diphenyl ether (DPE), Benzyl phenyl ether
(BPE), Phenethoxybenzene (PEB), 2-Phenoxy-1-phenylethanol (PPE), 2,3-
Benzofuran (BF) were obtained from Shanghai Aladdin Reagent. NH3·H2O
solution (25–28 wt%), decalin, and dodecane were purchased from
Sinopharm Chemical Reagent.
2.2. Catalyst preparation
The fabrication procedure of uniformly dispersed CoMo sulfide on
sulfated ZrO2 (CoMo-sZr) by in situ exsolution approach was detailed as
shown in Fig. 1A. CoMoZr composite oxides were synthesized via a
modified hydrothermal reaction and followed by an impregnation and
calcination process. Typically, 1.4 g ZrOCl2 was first dissolved in
ethanol/H2O (v/v = 1/1) solution. Then 0.4 g MoO3 was dispersed in
the above solution, followed by sonication for 30 min until a homo-
geneous solution was achieved. Then the solution mixture was heated
at 180 °C in an autoclave for 6 h. After cooling to room temperature, the
solid slurry was filtered, washed several times with deionized water and
finally dried at 60 °C under vacuum. The obtained MoZr hydrothermal
sample was further impregnated with a solution of Co(NO3)2·6H2O and
1 M (NH4)2SO4 (Co/Mo/Zr molar ratio = 0.25/0.5/1). The resulting
sample was initially dried at room temperature for 12 h and afterwards
at 100 °C for 24 h, followed by calcination at 550 °C for 5 h. Then, the
calcined materials were subjected to a post-synthesis modification
under 15% H2/H2S gas mixture and sulfurized at 400 °C for 2 h. The
obtain catalyst was denoted as CoMo-sZr(exs) with “exs” referring to
the exsolution method.
For comparison, CoMo/sZr(imp) and CoMo + sZr(mix) with the
same Co/Mo/Zr molar ratios (0.25/0.5/1) were prepared, where “imp”
and “mix” were referring to the impregnation and physical mixing
method using sulfated zirconia as supports. Typically, Zr(NO3)4·5H2O
was dissolved in deionized water and ammonia solution (25–28 wt%)
was added dropwise to form white precipitates. After washed and dried
at 100 °C for 24 h, the obtained samples were immersed in a solution of
Co(NO3)2·6H2O, (NH4)6Mo7O24·4H2O and (NH4)2SO4 (Co/Mo/Zr molar
ratio = 0.25/0.5/1). After being dried at 100 °C, the powder was cal-
cined at 550 °C for 5 h. The sulfated zirconia was obtained in the same
procedure without addition of Co and Mo precursor. Hence, the im-
pregnated and calcined sulfated ZrO2-supported CoMo oxide was sul-
fided under the above conditions. The finished catalyst was labeled as
CoMo/sZr(imp). In addition, bulk CoMo sulfide sample was prepared by
vaporizing aqueous solutions of 2.47 g Co(NO3)2·6H2O and 3 g
(NH4)6Mo7O24·4H2O followed by drying at 100 °C overnight and cal-
cination in air at 500 °C for 4 h, and then sulfurization as mentioned
above. The CoMo + sZr(mix) catalyst was obtained by ball-milling with
0.67 g bulk CoMo sulfide and 1.0 g sulfated zirconia.
2.3. Catalyst characterization
Powder X-ray diffraction (XRD) patterns were collected on a Bruker
D8 ADVANCE instrument using Cu Kα radiation (λ = 1.54178 Å) as X-
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ray source. N2-physisorption isotherms of samples were measured at
77 K on a Quantachrome Autosorb-3B system after the samples were
degassed at 200 °C for 4 h. The Brunauer-Emmett-Teller (BET) specific
surface area was calculated using adsorption data in the relative pres-
sure range from 0.05 to 0.35. Scanning electron microscopy (SEM) was
performed using a field-emission scanning electron microscope (Sigma
Zeiss). Transmission electron microscopy (TEM) images were taken on
an FEI Tecnai 30 microscope at an acceleration voltage of 300 kV.
Raman spectra were performed on a Renishaw Invia Raman spectro-
meter, equipped with a Spectra-Physics Excelsior CW solid state laser
(λ = 532 nm) as excitation source.
Temperature programmed reduction with hydrogen (H2-TPR) was
conducted to understand the interaction between two oxides with a
homemade gas chromatograph (GC) TPR apparatus. Prior to H2-TPR
experiments, the samples (50 mg each) were pretreated in flowing Ar at
200 °C for 1 h and then cooled to 50 °C in flowing Ar (99.999%, 50 ml/
min). Next, 5% H2/Ar (50 ml/min) was introduced and the sample was
heated to 900 °C at a rate of 10 °C/min. The H2 consumption was
monitored by GC with a thermal conductivity detector (TCD).
Temperature programmed desorption with NH3 (NH3-TPD) experi-
ments of the catalysts were acquired with a Micromeritics ASAP 2920
apparatus. About 100 mg of the sample was pre-treated at 300 °C for 1 h
under He flow (30 ml/min), cooled down to 110 °C and exposed to the
adsorbing gas (10% NH3 in He) for 0.5 h at 110 °C. After purging with
He for 1 h, the TPD data was recorded by an online MS (Hiden
Analytical QIC-20 Quadrupole Mass Spectrometer) from 110 °C with a
linear heating (10 °C/min) until 800 °C.
In situ infrared spectra of pyridine adsorption (Py-IR) were recorded
on a Bruker Vertex 70 infrared spectrometer. The samples were pressed
into thin wafers and placed in a reaction chamber with two ZnSe
windows and a vacuum system. Prior to adsorption, the samples were
pretreated at 200 °C under vacuum, then cooled to 30 °C, and pyridine
vapor was passed over the sample for 30 min, and the pyridine ad-
sorption spectra were recorded after degassing at 250 °C for 1 h.
X-ray photoelectron spectrum (XPS) was obtained with a PHI
Quantum-2000 spectrometer. After referenced by C 1 s peak (284.6 eV),
the Mo 3d, Zr 3d, S 2p and Co 2p peaks were fitted by a Gaussian/
Lorentzian functions with XPSPEAK software.
2.4. Catalytic tests
Catalytic HDO of lignin-derived aromatic ethers (Diphenyl ether,
Benzyl phenyl ether, Phenethoxybenzene, 2-Phenoxy-1-phenylethanol,
or 2,3-Benzofuran) were carried out in a 50 ml stainless steel autoclave.
Typically, 1 mmol of lignin model compound of aryl ethers, 20 mg of
catalyst, and 20 ml of decalin solvent were introduced into the reactor
with 1 mmol dodecane as an internal standard. The air in the reactor
was removed by repeated purging with N2. After the reactor was heated
to 300 °C with a stirring speed of 1000 rpm, and finally it was pres-
surized up to 4.0 MPa with H2. H2 pressure remained stable throughout
the whole reaction. A small volume of liquid product was collected at
regular time intervals. Quantitative analysis of liquid products was
carried out by gas chromatography (flame ionization detector; capillary
column, HP-5). Catalytic result was calculated from response area of the
GC-FID peaks and calibrated against dodecane as an internal standard.
Conversion (Conv.), product selectivity (Sel.), and product yield were
calculated as follows. The C-O cleavage rate was determined at low
conversions (< 50%), defined as mole of consumed reactant per gram
of catalyst per hour. The phenol accumulation rate was defined as mole
of the generated phenol per gram of catalyst per hour at initial reaction
stage. k and t represent the pseudo-first order rate constant (per hour)
and reaction time (hour), respectively. The absence of diffusion lim-
itation and mass transfer effect on the reaction rate were checked by
varying the selected stirring speed and catalyst mass under the present
reaction conditions [25].
= ×Conv mol moles of substrate in the product
initial moles of substrate charged
. ( %) 1 100%
= ×Sel A mol moles of product A
moles of all products
. ( , %) ( ) 100%
= × ×Yield Conv Sel(%) . . 100%
=conv ktln(1 .)
Fig. 1. (A) Schematic illustration of the formation strategy of a CoMo-sZr(exs) catalyst via in situ exsolution. (B) XRD and (C) Raman spectra of CoMo-sZr samples
treated stepwise.
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3. Results and discussion
3.1. Catalyst characterization
The crystal structures of the CoMo-sZr samples treated stepwise
were examined via XRD and Raman analysis. It depicted that the in-
troduction of Zr cations in MoO3 caused some phase changes during the
hydrothermal procedure. The diffraction peaks present in hydrothermal
samples indicate the formation of ZrMo2O7(OH)2 compound (JCPDS
card no. 27–0994). Then, the high-temperature calcination and sul-
furization induced the exsolution and transformation of the Mo species
to MoS2 phase. This process was accompanied with the phase trans-
formation from ZrMo2O7(OH)2 to Zr(MoO4)2 after calcination, then
further to ZrO2 after sulfurization. The characteristic peaks of ZrO2 and
Zr(MoO4)2 species were observed in the diffraction pattern of the
samples after calcination, while the MoS2 peaks appeared on ZrO2 after
sulfurization. No characteristic peaks of MoOx were found after calci-
nation and sulfurization. Hence, this exsolution method is effective to
disperse CoMo sulfide on ZrO2 matrix.
Raman spectroscopy was used to probe vibrational modes of Mo-O
bonds of the sample after the hydrothermal, calcination and sulfuriza-
tion procedures. In agreement with XRD, the materials after hydro-
thermal process exhibited weak intense bands corresponding to
ZrMo2O7(OH)2. Raman bands at 748, 945 cm−1 indicate υsym (O-Mo-O)
and υasym (O-Mo-O) vibrational modes of Zr(MoO4)2 over the calcined
sample. After sulfurization, with disappearance of the bands belonging
to ZrMo2O7(OH)2 and Zr(MoO4)2, the bands corresponding to MoS2 and
ZrO2 appeared in the CoMo-sZr(exs) sample at a very low intensity,
which indicated that the in situ exsolution-sulfurization method limited
the aggregation of Mo species. Thus, uniformly dispersed CoMoS were
successfully deposited on the sulfated zirconia surface (denoted as
CoMo-sZr). It has also been documented in the literature that the MoS2
nanodots could be encapsulated and uniform dispersed in the per-
ovskite oxide SrTiO3 matrix [24]. Hence, these exsolved sulfides are
different from their bulk counterpart, serving as an effective catalyst for
HDO.
In order to observe the morphology differences and species dis-
tribution, SEM/TEM images of the ZrO2 supported CoMo sulfide cata-
lysts prepared via in situ exsolution (exs), impregnation (imp) and
physical mixing (mix) were shown in Fig. 2. Fig. 2A showed that CoMo-
sZr(exs) consisted of ZrO2 particle groups with an average size of
~200 nm. In the catalyst typically used in our work, this method ex-
quisitely leads to the uniformly distributed MoS2 (slab length ~5 nm)
dispersed evenly on the ZrO2 nanoparticle surface to promote intimate
interaction. High-resolution TEM images (Fig. 2C) further corroborated
that the MoS2 slabs were distributed on ZrO2. The black thread-like
fringes in Fig. 2B, C corresponded to the MoS2 crystallites (confirmed
by XRD analysis) with an interplanar distance of 0.62 nm. Most of the
Co atoms located on the side planes of MoS2 slabs [26]. In addition, the
lattice spacing of ca. 0.29 and 0.31 nm were observed around the MoS2
slabs, corresponding to the distance of (0 1 1) and ( −1 1 1) crystal
planes of tetragonal and monoclinic ZrO2 phase, respectively.
Fig. 2B demonstrated that the well-stacked layered structure of
MoS2 was uniformly distributed on the ZrO2 matrices consisting of 2–5
stacking layers with longitudinal length of 2–10 nm. Actually, the MoS2
slab lengths for impregnated and mixed samples are mainly 2–25 and
5–40 nm (Fig. 2D and Fig. 2E), respectively, far longer than that for the
in situ exsolved sample. Slab length distributions and number of layers
determined from corresponding TEM images are presented in Fig. 2F
and Table S2. The statistical analysis was made based on at least 20
images including 500–600 slabs taken from different parts of each
catalyst. The average slab length has been found to be 4.4 nm for CoMo-
sZr(exs), 9.8 nm for CoMo/sZr(imp) and 20.5 nm for CoMo + sZr(mix),
respectively. It can be seen visually that the impregnated and mixed
catalysts showed a larger MoS2 slab length compared to the exsolved
catalysts. As compared to conventional techniques, this exsolution
process could produce finer and better-distributed nanocatalysts, which
resulted to a higher dispersion of the active MoS2.
In comparison, we prepared CoMo sulfide on sulfated zirconia by
impregnation and physical mixing. As shown in Fig. 3, the XRD patterns
illustrated that the mixed CoMo + sZr(mix) and impregnated CoMo/
sZr(imp) catalysts demonstrate intensive diffraction peaks, which were
assigned to MoS2 and ZrO2, respectively. This is due to the larger MoS2
particles in these two samples. BET analysis revealed that the CoMo-sZr
(exs) catalyst exhibited slightly higher surface area (50.8 m2 g−1) as
compared to the CoMo/sZr(imp) and CoMo + sZr(mix) samples (Table
S2). Additionally, the comparison of Raman spectra demonstrated both
MoS2 and ZrO2 phases coexist at these samples, although these bands
are much weaker in the CoMo-sZr(exs) sample than that in the other
two samples, which is in agreement with XRD profiles.
To gain more insights into the discrepancies in the interaction and
reducibility among these samples, H2-TPR of corresponding oxide
samples were measured and shown in Fig. 3C. As observed on the bulk
MoO3, the peaks below 700 °C was ascribed to the reduction of Mo6+
species to Mo4+ species, and the last high temperature peak (> 750 °C)
was corresponding to further reduction of Mo4+ species [27,28]. We
note that the sulfated zirconia also exhibited a reduction peak at about
600 °C, corresponding to the reduction of SO42- [29] despite the fact
that ZrO2 support did not show any appreciable H2 consumption [30].
As a result, according to the shape and intensity of the reduction pat-
terns, the peak around 590 °C was attributed to the reduction of sul-
fated zirconia. It has been documented that the reduction of sulfated
zirconia distinctly shifted to a lower temperature with increasing the
metal loading [31]. Compared with the physically mixture of CoMo
oxides with sulfated zirconia, the oxide of CoMo/sZr(imp) and CoMo-
sZr(exs) samples obviously exhibited a different shape of reduction
patterns. Actually, the interaction between Mo and Zr significantly
changed the behavior of CoMoZr oxide toward H2 activation, in parti-
cular the reduction temperature of superficial MoO3 species shifts to a
higher value over CoMo-sZr(exs) as compared with CoMo/sZr(imp).
This was mostly due to the formation of Zr(MoO4)2 that made it harder
to be reduced. However, its peak area was far larger than those of
CoMo/sZr(imp) and CoMo + sZr(mix), indicating that the Mo species
in CoMo-sZr(exs) was highly dispersed. These observations are in good
agreement with XRD and Raman analysis and reinforce the presence of
the synergy between CoMo sulfide and ZrO2 matrices.
XPS was performed to investigate the valence states of surface atoms
of the ZrO2-supported CoMo sulfide catalyst. As shown in Fig. 4A and
Table S3, the binding energies of Mo6+, Mo5+, Mo4+ were found to be
at 232.5–232.8 eV, 231.0–231.3 eV, and 228.7–229.0 eV, respectively
[32]. After decomposition of Mo 3d spectra, the contribution of various
Mo species has been calculated. 80% of molybdenum has been detected
as Mo4+, the lattice fringes of MoS2 were well dispersed on the surface
of ZrO2 as observed through TEM measurements. The surface fraction
of Mo5+ and Mo6+ is caused by Mo oxide species that have not been
completely sulfided [33]. Notably, the CoMo-sZr(exs) sample featured
more Mo6+ species than the samples prepared via impregnation and
mechanical mixing, which is consistent with TPR results that Mo6+ was
more difficult to be reduced. However, despite that, there was no sig-
nificant difference in the chemical composition of cobalt species over
those investigated catalysts. The peaks of binding energy at 778.5 eV,
781.3 eV and 783.7/786.3 eV can be assigned to CoMoS, CoOx and their
satellite peaks, respectively [34]. Around 70% of the cobalt was present
in the CoMoS state with Co atoms located in MoS2 phase. Zr 3d in
Fig. 4B shows well-known ZrO2 peaks near 184.8 and 182.4 eV for 3d3/2
and 3d5/2, respectively [35]. There was no change of the binding energy
of Zr 3d5/2 core electron levels for those ZrO2-supported sulfide cata-
lysts. Additionally, significant S 2p peaks are observed at 162.2 and
168.8 eV; these values are attributed to S2- and S6+ species, respectively
[36]. The presence of S6+ can be due to SO42- groups in the catalysts,
while S2- attributable to S atoms in MoS2. By contrast, S6+/S2- ratio of
CoMo + sZr(mix) was significantly higher than that of exsolved and
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Fig. 2. (A) SEM (B) TEM and (C) HRTEM images for CoMo-sZr(exs) catalyst; TEM images for (D) impregnation catalyst CoMo/sZr(imp) and (E) physical mixing
catalyst CoMo + sZr(mix); (F) Corresponding MoS2 slab length distributions.
Fig. 3. (A) XRD and (B) Raman spectra of the CoMo-sZr(exs), CoMo/sZr(imp) and CoMo + sZr(mix) sulfide catalysts, (C) H2-TPR of the corresponding oxide samples.
Fig. 4. XPS spectra of (A) Co 2p3/2 and Mo 3d, (B) Zr 3d and S 2p for different sulfide catalysts.
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impregnated samples, confirming more remaining SO42- groups on the
mixed catalyst, which is consistent with NH3-TPD and Py-IR results.
The acid strength and the different types of acidic sites on the
synthesized catalysts were tested by NH3-TPD and Py-IR. The weak,
medium, and strong acid sites were estimated from the desorption
peaks in the temperature ranges of 30–275, 275–475, and 475–775 °C,
respectively. As depicted in Fig. 5A, all samples gave a similar broad
NH3 desorption peak between 150 and 475 °C, suggesting widely dis-
tributed weak and medium acid sites. Interestingly, the NH3-TPD pro-
files showed an slightly decrease in the peak at about 350 °C over
CoMo/sZr(imp), compared to that of the CoMo + sZr(mix). This in-
dicates that the amount of medium acid sites in CoMo/sZr(imp) slightly
decreased, and CoMo-sZr(exs) possessed a relatively low acidity. Si-
milarly, peaks at 1450 cm−1 and 1540 cm−1 assigned to Lewis and
Brønsted acid sites (LAS and BAS) were also observed in the Py-IR
spectra (Fig. 5B), and the band at 1490 cm−1 was ascribed to a com-
bination of Lewis and Brønsted acid sites [37]. As expected, both LAS
and BAS were present and showed great similarities in these samples. In
particular, the impregnated and exsolved samples possessed more LAS
relative to the mechanical mixture, which resulted in a decreases of
BAS/LAS ratios in CoMo/sZr(imp) and CoMo-sZr(exs). Such materials
featured with low BAS/LAS ratios have been reported as promising
catalysts for the conversion of p-cresol and lignin [38].
3.2. Phenethoxybenzene HDO over the CoMo sulfide catalysts
The interaction between different active sites plays a pivotal role in
bifunctional catalysis. The β-O-4 linkage is the most abundant con-
nection unit (around 50%) in lignin, and thus, phenethoxybenzene
(PEB) is selected to investigate the effect of the interaction between
CoMo sulfide and sulfated zirconia on catalytic HDO. The increase in
the interaction by changing the manner of integration from physical
mixing to impregnation and further to in situ exsolution, employed in
this work, significantly increased both the conversion of PEB and the
selectivity of aromatics. Among the three sulfated ZrO2-supported
CoMo sulfides, the CoMo-sZr(exs) catalyst exhibited the best activity to
cleave C-O bonds in PEB for HDO, as revealed in Fig. 6A. All the sup-
ported CoMo sulfide and pure CoMo sulfide catalysts afforded benzene,
ethylbenzene and phenol as major products. No further hydrogenation
of the aromatic ring was observed. Significant differences in the relative
amounts of phenol intermediates were observed over those catalysts. It
could be seen from Fig. 6B that the pure CoMo sulfide preserved 21%
phenol in the product at a reaction time of 4 h. The CoMo-sZr(exs)
catalyst was able to hydrodeoxygenate the phenolic hydroxyl more
efficiently than the CoMo + sZr(mix) and CoMo/sZr(imp) catalysts.
The high dispersion of CoMo sulfide originated from the interaction
between CoMo sulfide and sulfated ZrO2 led to synergic effects between
CoMoS phase and acid site. These features of CoMo-sZr(exs) catalyst
enabled a decrease in phenol selectivity and an excellent HDO perfor-
mance for aromatics production.
The kinetics of PEB HDO was assessed to further examine the unique
catalytic behavior of this CoMo-sZr(exs) catalyst. As expected, the ex-
solved CoMo-sZr(exs) catalyst enhanced the initial C-O bond cleavage
rate from 0.008 mol·g−1·h−1 to 0.058 mol·g−1·h−1 compared to pure
CoMo sulfide catalyst. The calculated C-O cleavage rate illuminated
that CoMo-sZr(exs) are significantly more active for C-O bond cleavage,
whereas both CoMo/sZr(imp) and CoMo + sZr(mix) performed poorly
with slow cleavage rates of 0.011 and 0.022 mol·g−1·h−1, respectively.
The closer proximity of the two components, along with a stronger
metal sulfide and support interaction, suggested a more finely dispersed
MoS2 phase and enabled more efficient adsorption and transfer of re-
actants and phenol intermediates on exposed reactive sites, thus fa-
voring the formation of aromatics. To intuitively display the effect of
support on the reaction, we carried out PEB HDO using the commercial
ZrO2-supported CoMo sulfide catalyst without sulfated treatment as
reference. As expected, the conversion was decreased to 30.1% at 4 h,
and the yield for aromatics was very low under the same reaction
conditions (Fig. S1).
3.3. Different lignin-derived aromatic ethers HDO
Apart from Phenethoxybenzene (PEB), we extended the investiga-
tion to other lignin derived aryl ether over CoMo-sZr(exs) catalyst, in-
cluding 2-Phenoxy-1-phenylethanol (PPE), Benzyl phenyl ether (BPE),
Diphenyl ether (DPE) and 2,3-Benzofuran (BF) under the same oper-
ating conditions. These model compounds represented the β-O-4, α-O-
4, 4-O-5 and β-5 linkage in lignin. For the lignin models with distinct
linkage, the product distribution as a function of reaction time was
displayed in Figs. 7 and 8.
All types of aryl ether linkages were intrinsically different in re-
activity over CoMo-sZr(exs) catalyst. The C–O bond cleavage of α-O-4 is
more favorable than that of β-O-4. In the case of BPE, 90% conversion
was obtained after 1 h, and the yield for phenol intermediate reached
33%. Concurrently, the tandem conversion of phenol into benzene
following hydrogenolysis of dimeric lignin models also took place. A
similar change trend of the phenol yield was shown both in the con-
version of PBE and PPE, where phenol first accumulated and then di-
minished as the reaction progressed. The plausible reaction route for
the aromatic ether hydrogenolysis was depicted in Scheme 1. According
to the product distribution versus reaction time (Fig. 7), the phenol
yield during the BPE HDO process raised to about 33% after 60 min,
higher than that for the transformation of PBE and PPE (18% and 11%,
respectively). This phenomenon was caused by two plausible factors. As
displayed in Fig. 7D, it was found that the differences of C-O bond
Fig. 5. NH3-TRD and Py-IR profiles of sulfide catalysts with different proximity.
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cleavage rate between reactant BPE, PEB or PPE and phenol inter-
mediates decreased in the order: ΔBPE > ΔPEB > ΔPPE. BPE ex-
hibited 3 times larger C-O bond cleavage rate than that for phenol,
resulting in more intermediates phenol accumulation during the initial
stage of reaction. Accordingly, the BPE HDO process possessed higher
phenol accumulation rate than the other two substrates PEB and PPE.
Consequently, the as-formed phenol during β-O-4 hydrogenolysis un-
derwent fast C-O cleavage to produce benzene, which clearly explained
our above results.
Additionally, although PPE can be converted to phenylethanol and
phenol through direct hydrogenolysis, phenylethanol has not been de-
tected during PPE conversion. To further study the reaction pathway,
the possible intermediates phenylethanol were used as reactants for
HDO. Comparing the kinetic results, it is clear that the C-O cleavage
rate of phenylethanol were 10 times larger than that of PPE. This result
demonstrated that the deoxygenation of phenylethanol was a facile and
Fig. 6. (A) Time course of phenethoxybenzene HDO, (B) initial C-O bond cleavage rates and product selectivity (4 h) over the ZrO2-supported CoMo sulfide catalyst
prepared by exsolution, impregnation, physical mixing and pure CoMo sulfide. Reaction conditions: 300 °C, 4 MPa, 20 mg catalyst, 1 mmol phenethoxybenzene,
20 ml decalin.
Fig. 7. HDO kinetic curves of the lignin models with (A) α-O-4 and (B, C) β-O-4 linkages, (D) corresponding initial C-O bond cleavage rate and phenol accumulation
rate at the initial reaction stage over the CoMo-sZr(exs) catalyst.
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fast process, suggesting that the C-O bond in phenylethanol was cleaved
rapidly and sequentially deoxygenated to ethylbenzene once pheny-
lethanol was produced. It explained well that the initial reaction pro-
ducts detected during HDO of PPE contained ethylbenzene, instead of
phenylethanol. Hence, we concluded that the aromatics yield depends
on the C-O cleavage rate of both lignin and phenolic intermediates. It
was worth mentioning that no further hydrogenation of the aromatic
ring was observed. Benzene, toluene and ethylbenzene were the major
products in the reaction as shown in Scheme 1.
Compared with the hydrogenolysis of BPE (α-O-4), PBE and PPE (β-
O-4), the hydrogenolysis conversion of DPE (4-O-5) and 2,3-Benzofuran
(β-5) was much more challenging. The HDO kinetic curves of DPE and
2,3-Benzofuran were shown in Fig. 8, it was clear that the CoMo-sZr
(exs) catalyst can efficiently cleave the 4-O-5, even employed for the β-
5 linkage. Over 80% conversion of both the 4-O-5 model DPE and β-5
linkage 2,3-Benzofuran were achieved. For DPE HDO, CoMo-sZr(exs)
catalyst afforded benzene and phenol as major products, while ethyl-
benzene, dihydrobenzofuran (DHBF) and ethylphenol were generated
during 2,3-Benzofuran HDO. Although the extent of deoxygenation was
low relative to the α-O-4, β-O-4 C-O linkage cleavage, the hydrogena-
tion of the aromatic rings was not observed, which was consistent with
the proposed reaction pathway in Scheme 1. Overall, the reaction ac-
tivity decreased in the order: α-O-4 > β-O-4 > 4-O-5 > β-5. Several
recent reports describe that hydrogenolysis of the aryl-aryl ether bond
requires severe conditions [39]. Similarly, Zhao et al. demonstrated
that the apparent activation energies, Ea(α-O-4) < Ea(β-O-4) < Ea(4-
O-5), vary proportionally with the bond dissociation energies [40]. This
correlates well with our results.
3.4. Role of acid and CoMo sulfide sites
The acidity of catalyst, especially the Lewis acid sites, can enhance
HDO activity by facilitating oxy-compounds adsorption and reaction.
The CoMoS sites can activate and dissociate molecular hydrogen to
generate S-H groups on the MoS2 surface [41], while oxy-compounds
adsorbed on the sulfide sites [42], as well as acid sites on support
Fig. 8. HDO kinetic curves of the lignin models with (A) 4-O-5 and (B) β-5 linkage over the CoMo-sZr(exs) catalyst.
Scheme 1. Reaction pathway for the cleavage of five lignin-derived ethers over the CoMo-sZr(exs) catalyst.
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surface [43]. Active hydrogen atoms on sulfide surface react with the
adsorbed oxy-compound intermediates [44]. Gevert et al. [45] reported
that a σ-bonding adsorption through the oxygen atom would give C-O
bond hydrogenolysis in CoMoS catalysts. Hence, the introduction of
sulfated ZrO2 could improve the dispersion of CoMo sulfide, which
facilitated the C-O hydrogenolysis of catalyst. On the other hand, it has
been postulated that oxy-compound molecule would mostly be ad-
sorbed through O atom in an inclined adsorption mode due to the
presence of the incompletely coordinated Zr4+ cations (Lewis acid
sites) [46]. However, more condensation products were formed on
alumina compared to ZrO2 due to the presence of strong interaction
between oxy-compounds with Lewis acid site of the alumina support.
Benzene as a main product was obtained over ZrO2-supported CoMo
catalysts [47]. In our case, sulfated ZrO2 acted as Lewis acid site could
adsorb oxy-compounds during the reaction (Scheme S1) and selectively
favored the production of aromatics, in accordance with previous study
[48]. Likewise, Wang et al. demonstrated that Ga doping increased the
Lewis acidity, which could effectively chemisorb and convert vanillin
and acetovanillone into their deoxygenated products [49]. Accordingly,
in present work, lignin-derived ethers were absorbed on the CoMo
sulfide and Lewis acid site of sulfated ZrO2 through O atoms. Hydro-
genolysis of ether linkages was facilitated by the generated S-H on
CoMo sulfide phase, and then the deoxygenation reaction was subse-
quently performed over CoMo sulfide surface under the same reaction
conditions. Benzene, toluene and ethylbenzene were obtained as major
products without further hydrogenation.
3.5. Catalyst reusability for aryl ether mixture HDO
Finally, we tested the catalyst stability of the CoMo-sZr(exs) catalyst
in typical aryl ether mixtures derived from lignin with successive runs.
As shown in Fig. 9, benzene (49.8% yield), toluene (11% yield),
ethylbenzene (32.2% yield) and phenols (4% yield) were detected as
major products after 8 h. On the basis of time course of the product
distribution analysis, at the initial reaction stage, only lignin models
and dodecane were observed in GC spectra (Fig. S2). When the reaction
duration was increased to 1 h, aromatic compounds and phenol gra-
dually appeared at the preferential expense of BPE and PPE. With the
reaction time prolonged to 3 h, products consisting of dihy-
drobenzofuran and ethylphenol were obtained with the consumption of
2,3-benzofuran, and the benzene and ethylbenzene yields significantly
increased. After 5 h, full conversion of the aryl ether mixture was
achieved except for the diphenyl ether. Nevertheless, the total con-
version of aryl ether mixture reached 97%, and the total yield of ben-
zene, toluene and ethylbenzene increased to 93% after 8 h. Moreover,
we explored the reusability of this CoMo-sZr(exs) catalyst for the HDO
of aryl ether mixture. Overall, the catalytic performance remained
stable during all recycle runs, still presenting a total conversion of 94%
after 4 consecutive cycles. The compositions of reaction products are
mainly aromatic compounds and minor phenols. Deep hydrogenation of
aromatic ring did not occur under the reaction conditions. These results
suggest that the ZrO2-supported CoMo sulfide catalyst prepared by in
situ exsolution approach was stable during the reaction process without
obvious loss of its activity.
4. Conclusion
In summary, we designed a supported metal sulfide catalyst con-
sisting of CoMo sulfide dispersed in sulfated ZrO2 matrix. Both the
sulfated ZrO2-CoMo sulfide interaction and their influence on the
cleavage of aryl ether linkages were studied. Compared with the im-
pregnated and physical mixed sulfated ZrO2 supported CoMo sulfide
(0.011 and 0.022 mol·g−1·h−1), the C-O ether bonds cleavage rate over
the catalyst prepared by in situ exsolution is remarkably enhanced to
0.058 mol·g−1·h−1, due to the synergistic effect between CoMo sulfide
and acid sites with close proximity. With an increase in the interaction
and the enhanced MoS2 dispersion, the activity toward oxygen removal
distinctly increased and aromatics yield above 90% was obtained for β-
O-4 linkage cleavage after 5 h reaction. Kinetic results demonstrated
that the aromatics yield depends on the C-O cleavage rate of both aryl
ether and phenol intermediates. Meanwhile, a high proportion of aro-
matics (86%) could be obtained after 4 consecutive HDO cycles with
the aryl ether mixture. The catalyst was stable during the reaction
process without obvious loss of its activity and selectivity.
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